Abstract Chikungunya virus (CHIKV) is a mosquitotransmitted alphavirus belonging to the Togaviridae family. It is a virus with a single-stranded, positive sense RNA genome, maintained in a sylvatic and urban cycle, involving humans and mosquitoes from Aedes species, mainly Aedes aegypti and Aedes albopictus. In less than 10 years, CHIKV has spread from the coast of Kenya throughout the Indian Ocean, Pacific Ocean, and Caribbean regions, causing millions of infections in over 50 countries. In other words, CHIKV has emerged as a true global pathogen. The clinical signs include nonspecific flu-like symptoms and a characteristic rash accompanied by joint pain that may last long time after the resolution of the infection. The molecular mechanism underlying the chronic polyarthralgia in patients is not well understood. In this review, we summarize the CHIKV genome organization, replication, epidemiology, clinical manifestations, and immunopathogenesis with particular emphasis on host-pathogen interactions.
Introduction
Chikungunya virus (CHIKV), an arbovirus transmitted by mosquito vectors, is an alphavirus belonging to the Togaviridae family. The virus belongs to the Semliki forest complex, and is closely related to O'nyong'nyong virus found in Africa, to Ross-River virus in Australia, and with a lesser extent to Mayaro virus circulating in America [1] . The latter is circulating in forests in the Caribbean (e.g., Trinidad) and South America in sylvatic mosquito vectors [2] . Chikungunya fever (CHIKF) derives its name from Makonde, a language spoken in south Tanzania, and means "that which bends up", referring to the posture of patients afflicted with severe joint pain characterizing this infection [3] .
CHIKV has long remained exotic to the western hemisphere. Major epidemics appear and disappear cyclically, usually with an inter-epidemic period ranging from 7 to 20 years [4] [5] [6] . The emergence of the Indian Ocean lineage changed the view on CHIKV when it caused an unprecedented disease burden in India and in the islands of the Indian Ocean between 2005 and 2008 [7, 8] . Since the beginning of the outbreak in the Indian Ocean region, more than 1,000 imported CHIKV cases have been detected among European and American travelers returning from the affected areas [1, 9] , giving rise, in 2007, to the first autochthonous (human-to-mosquito-to-human transmission) European outbreak in Italy and a smaller outbreak in France [3, [10] [11] [12] . From 2009 to 2013, autochthonous transmission of CHIKV was also observed for the first time in many other countries, including New Caledonia, Papua New Guinea, Bhutan, and Yemen [13•, 14-17] . The rapid and explosive spread of CHIKV prompted the Pan American Health Organization (PAHO) and the Centers for Disease Control and Prevention (CDC) to release a preparedness guide that predicted potential future CHIKVepidemics in the Americas [17] . In fact, on 6 December 2013, the World Health Organization (WHO) reported the first local transmission of CHIKV in the western hemisphere on the Caribbean island of Saint Martin with two laboratory-confirmed cases of Chikungunya without a travel history. By July 2014, CHIKV had caused more than 750,000 cases of disease in more than 20 countries in the Caribbean and Central (Costa Rica and El Salvador) and South America [17, 18] raising concern about virus spread in continental America highly infested with A. aegypti and A. albopictus mosquitoes [2] . CDC has lately reported many imported cases of CHIKV infection in the continental USA as well as locally acquired cases in Florida, Georgia, Minnesota, Mississippi, Oklahoma (Tulsa County), Rhode Islands, and Tennessee (Knoxville) [17, 19] . At last, on 21 October 2014, WHO was notified by the National IHR Focal Point for France of 4 cases of Chikungunya locally acquired infection in Montpellier, France [20] . Thus, in less than 10 years, CHIKV has spread from the coast of Kenya throughout the Indian Ocean, Pacific, and Caribbean regions, causing millions of cases of disease in over 50 countries. In other words, CHIKV has emerged as a true global pathogen [17] .
Vector and Reservoir
Two distinct transmission cycles have been well documented for CHIKV: an enzootic sylvatic cycle and an endemic/ epidemic urban cycle. The African sylvatic cycle likely involves several arboreal Aedes mosquitoes species as vectors (Aedes furcifer, Aedes vittatus, Aedes fulgens, Aedes luteocephalus, Aedes dalzieli, Aedes vigilax, Aedes camptorhynchus) and nonhuman primates as reservoir/ amplifying hosts. In Africa, the enzootic transmission cycle can spill over to infect people who live nearby, and enzootic mosquito vectors may be involved in inter-human transmission during small outbreaks [21, 22] . Endemic/epidemic transmission cycles were established when the virus was introduced into Asia around 1950 and into the Indian Ocean region, India, and then Southeast Asia since 2005 [23] . Therefore, urban transmission cycle relies only on A. aegypti and/or A. albopictus anthropophilic vectors that can initiate human-mosquito-human transmission and human amplification hosts. This endemic/epidemic cycle results in high levels of human exposure to mosquito transmission, particularly because these vectors live in close proximity to people. The behavior and ecology of A. aegypti, in particular, are ideal for epidemic transmission because adult females prefer to feed on humans, often take several blood meals during a single gonotrophic cycle, oviposit in artificial containers as their preferred larval sites, and rest inside houses with ready access to human hosts [3, 24] . A. albopictus is zoophilic and anthropophilic, is aggressive, silent, active all-day long, and has a lifespan longer than other mosquitoes (up to 8 weeks). In the last decades, it has expanded to several areas previously known to be Aedes-free [25] .
Mosquito vector competence to CHIKV seems to be determined by genotype-by genotype interactions, in which successful transmission depends on some specific combination of mosquito and viral genetic characteristics [26] [27] [28] [29] . CHIKV has 4 major lineages: West Africa, Asian, East-CentralSouth Africa (ECSA) and the Indian Ocean, a monophyletic lineage descendant from the ECSA group [13•] . The CHIKV lineages have displayed distinct transmission efficiencies in mosquito vector species and populations [26, 30] . Throughout the 2005-2006 CHIKV epidemic in the Indian Ocean region, a CHIKV lineage strain harboring a substitution of an alanine to valine at position 226 of the E1 envelope glycoprotein (E1-A226V) appeared [27, 28, 31] . This mutation has been clearly demonstrated to increase viral fitness in the A. albopictus vector [27, 28] . Surprisingly, despite its dramatic effect on transmissibility, this mutation has not been detected in previous CHIKV strains of the ECSA genotype or in endemic Asian lineages. Although A. albopictus is native to Southeast Asia, there is no evidence that this species has played a major role in transmission of endemic Asian CHIKV strains. Conversely, A. aegypti had been consistently incriminated as the epidemic vector before the introduction of the Indian Ocean strains [30] .
It was later shown that other positions in the E2 glycoprotein, i.e.,W64R and E208K, exert epistatic effects on the position E1-226V [31, 32] , and some substitutions can block the adaptation of E1-A226V to A. albopictus [33] . These epistatic interactions are lineage specific. Moreover, recent study demonstrated that CHIKV strain involved in the Caribbean outbreak belongs to the Asian genotype. The Asian genotype was better transmitted by A. aegypti (although it was efficiently transmitted A. albopictus) due to the presence of a treonine in the E1-98 region which blocks the ability of Asian genotype virus to adapt to A. albopictus via E1-A226V mutation [26, 30, 34] . Determination of vector competence of mosquito populations is a key parameter in evaluating the risk of CHIKV transmission and spread [26] .
Human beings serve as the main CHIKV reservoir during epidemic periods. In Africa, some animals (monkeys, rodents, and birds) constitute the virus reservoir during not-epidemic periods, sustaining virus circulation in the environment in the absence of human cases. Outbreaks might occur in monkeys when herd immunity is low; the animals develop viremia but no pronounced physical manifestations [3, 35, 36 ]. An animal reservoir has not been identified in Asia, where humans appear to be the only host [3] .
Clinical Manifestations
After infection with CHIKV, there is a silent incubation period ranging 1 to 12 days [4, 37] . Clinical onset is abrupt, with high fever, headache, back pain, myalgia, and arthralgia. Poly-arthralgia is reported in 87-98 % of cases and can be intense, affecting mainly the extremities (ankles, wrists, phalanges) but also the large joints [37] [38] [39] [40] [41] . Cutaneous manifestations were reported in about 40-50 % of cases, and consist of a pruriginous maculopapular rash predominating on the thorax. The clinical presentation may involve also facial edema and, in children, a bullous rash with pronounced sloughing, localized petechiae and gingivorrhagia [42, 43] . Radiological findings are normal, and biological markers of inflammation (erythrocyte sedimentation rate and Creactive protein) are normal or moderately elevated [42, 44] . Iridocyclitis and retinitis are the most common ocular manifestations associated with CHIKF; less frequent ocular lesions include episcleritis. All ocular manifestations have a benign course with complete resolution and preservation of vision. Retinitis shows gradual resolution over a period of 6 to 8 weeks [45] . Erratic, relapsing, and incapacitating arthralgia is the hallmark of Chikungunya, although it rarely affects children. These manifestations are normally migratory and involve small joints of hands, wrists, ankles, and feet with pain on movement. The symptoms generally resolve within 7-10 days, except for joint stiffness and pain: up to 12 % of patients still have chronic arthralgia 3 years after onset of the illness. Arthralgia experienced by CHIKV patients closely resembles the symptoms induced by other viruses like RRV and BFV [46, 47] . Neurological complications such as meningoencephalitis were reported in a few patients during the first Indian outbreak in 1973, and during the 2006 Indian outbreak [48] [49] [50] . Moreover, during the 2006 Indian-Ocean outbreak, rare cases of GuillainBarré syndrome (GBS) associated with CHIKV infection have been described [51, 52] . The possible mechanisms underlying these processes remain unknown, even if it was found that mouse central nervous system (CNS) tissues such as the choroid plexi could also be targets of CHIKV, lending more credence to the fact that CHIKV infections do affect CNS cells and tissues [53] . Other rare complications described after CHIKV infection are mild hemorrhage, myocarditis, and hepatitis [54] .
CHIKV is not generally considered to be a life-threatening disease. Usually, the clinical course is fairly mild, but fatal cases directly or indirectly linked to infection with CHIKV have been observed during the Indian-Ocean outbreak [55] . The main evidence of a mortality linked to CHIKF epidemics has been obtained in La Réunion, Mauritius, and India, by comparing expected and observed mortality data. In all cases, during the months when the epidemics were raging, the observed mortality significantly exceeded the expected one. In particular, in La Réunion, the monthly crude death rates in February and March 2006 were 34.4 and 25.2 % higher, respectively, than expected. This corresponded to 260 excess deaths (an increase of 18.4 %) with a rough estimate of the case-fatality rate for CHIKF of ≈1/1000 cases. The casefatality rate calculated on increased crude death rates in Mauritius and Ahmedabad, India, is substantially higher than that calculated in La Réunion: approximately 4.5 % (15,760 confirmed or suspected cases and 743 excess deaths) and 4.9 % (60,777 confirmed or suspected cases and 2,944 excess deaths), respectively [56, 57] . These differences may be attributed to many factors (greater disease severity, preexisting patient conditions, different patient management, or coincident excess deaths from other causes) but may also be due to a different efficacy of the surveillance systems for CHIKF that probably worked poorly in Mauritius and India, leading to underestimating the total number of cases [58] . The possible link between CHIKV infection and multiorgan failure is still under investigation [3] .
Genomic Organization and Viral Replication
CHIKV is a small spherical enveloped virus of about 60-70 nm in diameter that consists of a capsid core, two glycoproteins (E1 and E2) and a lipid bilayer in addition to a singlestranded positive sense RNA genome of approximately 11.8 kb encoding 4 nonstructural (nsP1-4) and 5 structural proteins (C, E3, E2, 6K, and E1) that are driven by two open reading frames (ORFs) [59, 60] . The E1 glycoprotein is a class II fusion protein that mediates fusion of the viral and host cell membranes during virus entry, while the E2 glycoprotein is a 50-kDa type I trans-membrane glycoprotein that is responsible for receptor binding to host cells [61, 62] . Viral replication is initiated by attachment of viral envelope to host cell receptors [63] , followed by low pH-mediated membrane fusion and delivery of the viral nucleocapsid into the cytoplasm (Fig. 1) [64, 65] . A detailed entry mechanism description is not available so far. Some authors implicate a clathrin-dependent pathway [64, 66] , whereas other authors have proposed that CHIKV enters by a clathrin-independent, but Eps15-dependent pathway [65] . These later authors also have found evidence that multiple pathways maybe employed by CHIKV to enter into cells, as already proposed with dengue virus (DENV) [67, 68] . Another possible explanation could be that there are cell type specific differences implied in the entry mechanism [62] .
So far, host cellular receptors of CHIKV have not been well documented. However, some authors have identified prohibitin (PHB) as CHIKV-binding protein expressed by microglial cells [62] , while other authors suggest that the heat shock proteins (HSPs) may play a crucial role in the virus entry. More in detail, Paingankar and colleagues (2014) have identified HSP70 as virus-binding protein in HEK-293T cells and Vero-E6, also assessing that STAT-2 could be involved in this mechanism, especially in Vero-E6 cells. Furthermore, they demonstrated a direct interaction between actin and CHIKV, thus supporting the hypothesis that actin and actinassociated proteins might play a crucial role in the entry and transport of CHIKV [69•] . Moreover, in a very recent study, the polarized entry of CHIKV toward the apical domain of polarized cells has been demonstrated, suggesting that the CHIKV receptors could be pre-dominantly sorted to the apical domain, allowing CHIKV to attach to the receptors and enter the polarized cells preferentially at the apical plasma membrane [70•] .
Following virus entry, positive-sense genomic RNA acts directly as mRNA and is partially translated (5′ end) to produce non-structural proteins (nsPs). These proteins are responsible for replication and formation of a complementary negative strand, the template for further positive-strand synthesis.
Subgenomic mRNA (26S) replication occurs through the synthesis of full-length negative intermediate RNA, which is regulated by nsP4 and p123 precursor in early infection, and later by mature nsPs [71, 72] . To this regard, it has been recently demonstrated that Hsp90 positively regulates CHIKV replication by stabilizing nsP2 levels during infection [73] . The 26S sub-genomic RNA encodes the polyprotein precursor for structural proteins, which is cleaved to yield C, pE2, 6K, and E1 that are further processed and transported to the plasma membrane [74] . After the nucleocapsid protein is produced from the polypeptide, the glycoprotein pE2 is inserted into the endoplasmatic reticulum (ER). The pE2-E1 complex moves to the cell surface through the Golgi complex. Virion assembly starts in the cytoplasm with the formation of the nucleocapsid, which has viral RNA in association with 120 dimers of C protein [74, 75] . Nucleocapsids are reported to move freely through the cytoplasm. The virions bud through the host cell membrane during which it acquires a lipid bilayer envelope; virus encoded E1 and E2 glycoproteins are embedded in this lipid bilayer [76] . Furthermore, a polarized release [3] of CHIKV at the apical plasma membrane of polarized cells has been discovered, suggesting that CHIKV structural proteins may contain apical sorting signals that direct their sorting toward the apical domain [70] .
At last, after the release, the virus disseminates quite rapidly to the blood circulatory system and then to the blood through the thoracic duct [3] .
Dissemination to Target Organs
Following intradermal inoculation by infected mosquitoes, CHIKV directly enters the subcutaneous capillaries where its replication starts immediately ( Fig. 1) with some viruses infecting susceptible cells in the skin, including epithelial, fibroblasts and endothelial cells, as well as monocyte derived macrophages [64] . It has been recently demonstrated that monocytes, originally thought to be non-susceptible to CHIKV infection [64] , could be infected and virus growth could be sustained [77] . Local viral replication seems to be minor and limited in time, with the locally produced virus probably being transported to secondary lymphoid organs close to the site of inoculation, where infected migratory cells produce new viruses which can, in turn, infect susceptible resident cells. Even if the host is mounting a response to control the virus in the skin dermis, the virus disseminates quite rapidly to the blood circulatory system. Viruses produced in the draining lymph nodes are released into the lymph circulation and then to the blood through the thoracic duct. Once in the blood, the virus will have access to various parts of the body, including the liver, muscle, joints, and brain ( Fig. 1) [3] . The pathological events associated with tissue infection are mostly subclinical in the liver (hepatocyte apoptosis) and lymphoid organs (adenopathy), whereas mononuclear cell infiltration and viral replication in the muscles and joints are associated with very strong pain, with some of the patients presenting arthritis [78] .
Immunopathogenesis
The innate immune response is the first barrier against viruses, being able to inhibit viral replication through cytolytic and non-cytolytic mechanisms. IFN system plays an important role in limiting virus spread at an early stage of infection. In fact, in vitro growth of all alpha viruses can be greatly suppressed by the antiviral effects of IFN-α/β when it is added to cells prior to infection [53, 64, 79] . The finding that aberrant type I interferon signaling in mice leads to severe forms of CHIKF [53] further highlighted the important roles that cytokines play in the pathology of CHIKV infection. The pathogenesis of CHIKV infection is not well understood and is an area of intense investigation, with small animal and nonhuman primate models of acute and chronic disease recently being developed [24] . Disease signs and symptoms following infection with CHIKV have been associated with CHIKV infection of cells in musculoskeletal tissues, such as fibroblasts and osteoblasts, and infiltration of inflammatory cells-consisting predominantly of monocytes, macrophages, natural killer cells, and T cells-in musculoskeletal tissues. Recent works have demonstrated that mice lacking mature T and B cells and mice lacking CD4 + T cells had reduced joint swelling and less severe musculoskeletal tissue injury during the acute stage of CHIKV disease, suggesting a pathogenic role for CD4 + T cells in CHIKV disease [80, 81] .
CHIKV interactions with monocytes and with other blood leukocytes induced a robust and rapid innate immune response with the production of specific chemokines and cytokines, including IFN-α [82] . Production of interleukin (IL), IL-4, IL-10, and IFN-γ suggested the engagement of the adaptive immunity. This was confirmed by flow cytometry of circulating T lymphocytes that showed a CD8+ T lymphocyte response in the early stages of the disease and a CD4+ T lymphocyte mediated response in the later stages [82] . High levels of IL-6, IL-1β, RANTES, monocyte chemoattractant protein 1 (MCP-1), monokine induced by IFN -γ (MIG), and IP-10 were linked to CHIKV disease severity [24] .
Cytokines may also contribute to chronic CHIKV disease, as persistent arthralgia has been associated with elevated levels of IL-6 and granulocyte-macrophage colony-stimulating factor (GM-CSF) [83] . Several studies have tried to identify the factors associated with chronic Chikungunya disease in groups of patients in Singapore [83] , La Réunion [84] , Dakshina Kannada (India) [85, 86] , and Emilia Romagna (Italy) [87] . Regulatory mechanisms silencing the vigorous (even localized) inflammatory response seem to be required to prevent the establishment of chronic disease weeks or even months after viral clearance from the blood. The absence of such mechanisms leads to chronic arthralgia. In fact, in patients from the La Réunion study, various markers of inflammation (IFN-α, IL-6, MCP-1/CCL-2, IL-8, and MMP2) have been detected in the synovial fluid of a patient suffering from chronic pain, but not in patients who fully recovered [84] . CHIKV has been shown to persist in various tissues for up to 44 days post-infection in monkeys, with CHIKV antigen and RNA detected in macrophages for 90 days and 55 days after infection, respectively [88] . Moreover, high plasma concentrations of IL-12 and IFN-α mRNA have reported in blood mononuclear cells after the convalescent phase, in patients with chronic disease, between 6 months and 1 year after infection [78, 84] .
According to these findings, Chaaithanya and colleagues (2011) and Kelvin and colleagues (2011) reported high levels of Th1-type cytokines in the blood of patients with chronic disease [86, 87] . Thus, despite certain discrepancies, the available studies suggest that chronic disease is associated with a de-regulation of inflammation during the acute and convalescence phases. This lack of regulation results in a deleterious inflammatory process that persists for ≥1 year after the first clinical signs [78] .
Concerning the possible implication of viral factors in the pathogenesis, the attention has been focused on the A226V mutation that has been associated with enhanced replication and fitness of CHIKV in A. albopictus vector and has also been shown to modulate cholesterol requirement for infection of insect cells [27] . The possible involvement of A226V mutation in enhancing human pathogenesis was investigated from Bordi and colleagues by testing the replication competence in primate cell cultures of two CHIKV isolates differing for the presence or absence of this mutation. The study revealed that the presence of A226V mutation did not influence the replication kinetics on primate cells. Moreover, the two isolates displayed very similar time course of cytopathic effect (CPE) appearance, number and extent of CHIKV antigenpositive cells, as well as shape of the virus-positive multicellular foci, thus suggesting a similar mechanism of spread of the virus in the infected cell cultures [89] .
Conclusions
In the last decade, CHIKV has emerged as a major threat to global public health, spreading from the coast of Kenya throughout the Indian Ocean, Pacific, and Caribbean regions, and causing millions of cases of disease in over 50 countries. The recent notification of 4 cases of Chikungunya locally acquired infection in France has refreshed concerns about the possibility of renewed autochthonous transmission in Mediterranean countries.
CHIKV disease can be highly debilitating, and large epidemics have severe economic consequences. Thus, there is an urgent need for continued research into the epidemiology, pathogenesis, prevention, and treatment of these infections. At the moment, understanding CHIKV immunobiology is still in its infancy, and there is a long way to go before answers related to the interaction between virus and host immunity will be obtained. These will certainly be important in designing novel antiviral control strategies against the spread of CHIKV infection.
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